Optical nonlinearities of periodically poled LiNbO 3 crystals were investigated by the single beam Z-scan technique with a continuous wave (cw) laser beam at 532 nm. The nonlinear optical absorption coefficient and refractive index change are determined to be 8.1 ϫ 10 Ϫ6 cm͞W and 2.6 ϫ 10 Ϫ4 at 0.5 MW͞cm 2 light intensity, respectively. Both sign and magnitude of the measured refractive nonlinearity are considerably different from the Z-scan results in congruent LiNbO 3 . The nonlinearities in the periodically poled LiNbO 3 induced by 532 nm continuous waves are believed to be mainly due to the photorefractive effect.
Introduction
Ferroelectric material, lithium niobate ͑LiNbO 3 ͒, is widely used for various applications, such as nonlinear frequency converters, photonic band-gap devices, electro-optic Bragg switches, and data storage [1] [2] [3] [4] . Especially, the periodically poled LiNbO 3 (PPLN) has been successfully exploited in quasi-phase-matched (QPM) frequency conversion processes. QPM frequency conversion has been the subject of numerous investigations. Most of the research efforts have been focused on the second-order optical nonlinearity ͑2͒ because of its applications in second harmonic generation and optical parametric oscillation. However, less effort has been made to study the third-order nonlinearity of ferroelectric domain inversion in LiNbO 3 . Congruent LiNbO 3 (cLN) crystal possesses photorefractive properties that may cause a change in optical characteristics upon exposure to laser radiation. It was demonstrated that the photorefractive effect was strongly suppressed in periodic ferroelectric domain inversion structure crystals [5, 6] . Therefore, it is essential to measure the nonlinear optical absorption and refraction of PPLN crystals.
Several techniques [7, 8] were used to measure the nonlinear optical absorption and refraction of LiNbO 3 crystals, but they were performed at light intensities at least two orders of magnitude lower than those typically used for frequency conversion devices. The input intensity range of the measurements should be the same as that used in the frequency conversion processes since the nonlinear optical absorption and refraction depend on the intensity. The single-beam Z-scan is a well-established technique to measure the nonlinear absorption and refraction of solid and liquid samples [9] . Using the Z-scan technique, the nonlinear optical absorption and refraction of undoped and doped LiNbO 3 crystals have already been measured [10 -12] . However, reported studies using this method to investigate the nonlinear optical absorption and refraction of PPLN crystals are scarce.
In this paper, we report an experimental investigation of nonlinear optical properties of PPLN crystal using a single-beam Z-scan technique with continuous wave (cw) laser beam at 532 nm. Using this technique we compared the nonlinear refractive index of both LiNbO 3 and ferroelectric domain inverted 
Experiment
LiNbO 3 crystals were grown by the Czochralski technique with congruently melting composition. The samples were cut from c-cut optically polished, 1 mm thick wafers obtained from congruent LiNbO 3 crystals. The inverted ferroelectric domain was fabricated by electric field poling [13] , and the inverted domain pattern was shown in Fig. 1 . The dimensions are 1 ϫ 10 ϫ 1 mm 3 , where the crystal thickness along the laser propagation direction is 1 mm and the crystal width normal to the crystal c-axis direction is 10 mm.
The experiments were performed using a cw laser beam at 532 nm. The schematic of our Z-scan experimental setup is shown in Fig. 2 . The laser beam was divided by a beam splitter into two parts. The reflected part was taken as the reference representing the incident light and the transmitted beam was focused by a lens with a focal length of 80 mm to achieve the focal waist radius of ϳ20 m, as determined from the measured beam divergence. The sample was mounted on a translation stage that was controlled by the computer to move along the x axis with respect to the focal point. The crystal's c axis is oriented parallel to the gradient direction of the Gaussian beam, i.e., the z axis. The c axis of the sample was always set parallel to the polarization of the laser beam in order to obtain the change of extraordinary refractive index. The open-aperture (OA) and close-aperture (CA) Z-scan measurements were performed on the crystal. The confocal parameter z 0 ϭ 0 2 ͞, where 0 is the Gaussian beam waist radius at the focus, and is the wavelength of the laser. The confocal parameter can be used to determine the behavior of the beam inside the sample, which was investigated by moving the LiNbO 3 crystal along the y axis, and we found that the confocal parameter is not affected by varying positions. The CA Z-scan measurement was performed with a fixed linear transmittance of S ϭ 20%, defined as the fraction of the beam energy passing through the far-field aperture. The OA and CA Z-scan traces may be fitted by two corresponding numerical programs based on [9] to obtain the nonlinear optical absorption coefficient ␤ and the refraction index change ⌬n e .
To distinguish between the different types of light induced effects, during the sample scanning the beam shape was also recorded in the direction of the optical axis by a charge coupled device (CCD). Built-up photorefraction needs time and depends on the material investigated and the light intensity used. When the transmitted beam shows strong fanning, we can assume that dominantly the photorefraction is present. In this case the Z-scan method cannot be used to give a quantitative result for the light-induced change in refraction [14] .
Results and Discussion
When a photorefractive material is illuminated inhomogeneously, an internal space-charge field E builds up owing to a redistribution of photoexcitable freecharge carriers. This space-charge field produces a spatial variation of the refractive index through the electro-optic effect. For the extraordinary polarization, the nonlinear variation of the refractive index, ⌬n e , is due to the z component of the space charge field, E z , and can be expressed ⌬n e ϭ 0.5 r 33 n e 3 E z .
(
The change in refractive index was determined by performing CA Z-scan measurement. Due to selffocusing or self-defocusing effects, a Z-scan trace with a peak and valley was thus observed, and the sign of the nonlinear refractive index can be determined directly from the shape of the Z-scan trace. Figure 3(a) shows a Z-scan trace of congruent LN crystal with intensity of 0.5 MW͞cm 2 in the focal plane. The shape of the Z-scan trace is similar to other congruent LN samples, showing a negative change in the refractive index. To the contrary, the Z-scan trace of PPLN recorded at the same laser intensity and shown in Fig. 3(b) exhibits a nearly symmetric valley with respect to the focal point, indicating that the inverted domain LiNbO 3 crystal possesses a positive nonlinear optical refraction, which indicates that the laser beam propagating in the sample undergoes a selffocusing process. The traces measured are fitted (solid lines) using formulas (28) of Hermann et al. [15] , which are applicable for thick samples too. From the fit we obtained ⌬n e ϭ Ϫ1.3 ϫ 10 Ϫ2 and 2.6 ϫ 10 Ϫ4 refractive index changes for the cLN and PPLN crystals, respectively.
The Z-scan technique can also provide information on the damage sensitivity, which are defined as [12] n e * ϭ ⌬n e ͞I,
where I is the light intensity, and ⌬n e is the steady state refractive index change caused by illumination. The damage sensitivities of the congruent LN and PPLN crystals investigated are n e * ϭ Ϫ2.6 ϫ 10 Ϫ2 and 5.2 ϫ 10 Ϫ4 cm 2 ͞MW, respectively. It is worth noting that it is 20 times smaller for PPLN than for cLN. From the low damage sensitivity of the PPLN crystal it is adaptable to be used in nonlinear frequency conversion.
The OA Z-scan technique gives a better demonstration of the nonlinear absorption. The normalized transmission for the OA condition is given by [10] T
where ␣ is the absorption coefficient, L is the thickness of the sample, and I 0 is the intensity of the laser beam at the focus ͑z ϭ 0͒. From the best fit of Eq. (3) to the experimental data in Fig. 4 , the nonlinear absorption coefficients were obtained to be 2.7 ϫ 10 Ϫ3 cm͞W and 8.1 ϫ 10 Ϫ6 cm͞W for cLN and PPLN with the incident irradiance being 0.5 MW͞cm 2 , respectively. The ␤ value of the PPLN is lower than that of the cLN. This difference may be attributed to the inverted domain structures of LiNbO 3 crystal, since the photorefractive effect was strongly suppressed in such domain inversion structure crystals [5, 6] . The contribution of two-photon absorption is negligible in the nonlinear absorption we measured, since the magnitude of two-photon absorption is three orders of magnitude smaller [11] than our measurement.
The fanning effect was observed in the direction of the optical axis. The obvious light-induced beam pattern fanning occurs with increasing irradiance intensity during the sample scanning. Figure 5 depicted CCD recordings taken from the spot of the 0.5 MW͞cm 2 and 2 MW͞cm 2 laser beam intensity behind the sample when it was at focus. The transmitted beam shape lost its circular symmetry when the irradiance intensity was 2 MW͞cm 2 , and the fanning effect was observed. This beam spot shape makes it possible to determine the refractive index change and the photorefractive sensitivity from Z-scan traces. 
Conclusion
Nonlinear optical properties of inverted ferroelectric domain LiNbO 3 crystal was investigated by the single-beam Z-scan technique using a cw laser beam at 532 nm wavelength. The nonlinear optical absorption coefficient ␤ and refractive index change ⌬n e of the PPLN were determined to be 8.1 ϫ 10 Ϫ6 cm͞W and 2.6 ϫ 10
Ϫ4
, respectively. The fanning effect was observed using a CCD in the far field, and the transmitted beam spot fanning occurs with increasing irradiance intensity during the sample scanning. Using this technique we compared the nonlinear optical absorption coefficient ␤ and refractive index change ⌬n e of both congruent LiNbO 3 and ferroelectric domain inverted LiNbO 3 . Both ␤ and ⌬n e are smaller than that of the congruent LiNbO 3 crystal. These results indicate that inverted ferroelectric domain LiNbO 3 crystal is a promising material for nonlinear optical applications. 
